Currently, one of the main challenges in the field of silicon photonics is the fabrication of efficient laser sources compatible with the microelectronic fabrication technology. An alternative to the complexity of integration of group III-V laser compounds is advancing from high tensile strains applied to germanium leading to improved emission properties by transforming the material from an indirect to a direct bandgap semiconductor. Theory predicts this transformation occurs at around 4.7% uniaxial tensile strain or 2.0% bi-axial tensile strain. Here, we report on ultrahigh strains obtained by amplifying the residual strain from novel optical Germanium-On-Insulator (GeOI) substrates fabricated by Smart Cut TM technology and patterned with micro-bridges and micro-crosses. The high crystalline quality of the GeOI layers dramatically declined the mechanical failure limits when liberating the Ge microbridges. Record level Raman shift of 8.1 cm -1 for biaxial (micro-crosses) and 8.7 cm -1 for uniaxial stress (micro-bridges) were reached by carefully designing the geometry of the micro-structures. The photoluminescence (PL) evolution is compared to theoretical calculations based on the tight-binding model revealing a detailed understanding of the influence of strain on the germanium optical properties.
INTRODUCTION
Efficient germanium (Ge) components such as Ge photodetectors [1] , Ge modulators [2] and so on have been successfully fabricated using conventional microelectronic fabrication technologies. A light source compatible with the mainstream Complementary Metal Oxide Semiconductor (CMOS) technology is currently the missing part for a fully CMOS compatible Si photonic platform. Germanium could potentially fill the role of an efficient mid-infrared light source in silicon photonics for different applications such as optical interconnects, integrated on-chip Mid InfraRed sensors and so on. Indeed, its direct bandgap is only 140 meV higher than its indirect bandgap [3] , leading researchers to explore technological options such as high tensile strain [4, 5] and n-type doping [6, 7] to increase its radiative emission efficiency. From theory, an efficient low-threshold Ge lasers could be obtained by introducing large amounts of tensile strain into Ge [ 8 ] . 4 .7% uniaxial tensile strain or 2.0% biaxial tensile strain could theoretically transform Ge into a direct semiconductor with a direct bandgap in the mid-IR wavelength range [9, 10] . As proposed in Ref [5] , suspended Ge microbridges can be designed to enhance the residual tensile strain obtained in Ge layers when grown directly either on bulk Silicon or on Silicon-On-Insulator (SOI) substrates. However this solution, apart from being fully wafer based and compatible with silicon technology [ 11 ] , is limited by the mechanical strength applied to the suspended Ge membranes due to misfit dislocations at the Si-Ge interfaces. Hence, higher crystalline quality is needed to push back the mechanical breakdown limit when fabricating suspended Ge membranes with high amounts of tensile strain. To that end, 200 mm optical Germanium-On-Insulator (GeOI) substrates tailored for photonic applications were fabricated using the Smart Cut TM technology [ 12 ] . X-ray diffraction (XRD) was used to assess the Ge crystalline quality and strain homogeneity at the GeOI wafer level. Micro-bridges (for uniaxial stress induction) and micro-crosses (for biaxial stress induction) were then fabricated to investigate the materials and processing imposed by strain. Subsequently, the suspended Ge membranes were reattached on the Si substrate to allow the measure of the photoluminescence with good thermal contact and reduced optical interferences. The effect of strain on Γ bandgap emission was then compared to theoretical calculations using the tight-binding model.
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n the center o optical spot of ng effect in µ-R itted with Lore e (001 direction igure 4c, micro own in Figure 4 e-beam g oxide re was n Ge is nes can (underoptical t in the oscopy trate and rates of the f 1 µm Raman entzian n) was o-cross 4b). The strain is accurately controlled by changing the geometrical and dimension of pattern. For example, as the width d of the bridges or crosses decreases, the spectrum shifts towards lower wavenumbers reaching 8.1 ± 0.1 cm -1 and 8.7 ± 0.1 cm -1 for micro-crosses and -bridges, respectively. As record strains were obtained, work is under progress to evaluate the strain-Raman shift relation for this ultra-high strain regime, and particularly for the case of uniaxial stress. Figure 5 shows normalized micro-photoluminescence (PL) spectra for various strained micro-bridges and micro-crosses. The 1µm thick Ge top layer of our GeOI wafer was doped with n-type phosphorous impurities to a concentration of 2×10 19 cm -3 to increase the PL signal/noise ratio by occupying the L valleys of the conduction band. The optical excitation at 532 nm was focused onto a 25 µm² surface area at the center of the micro-bridges. By collapsing the micro-bridges, interference phenomena were dramatically reduced as reflections at Si/Ge interface were far weaker than the ones at the air/Ge interface [21] . The collapse of the membranes insured a better thermal contact, enabling to investigate the structures with higher incidence laser power and thus higher S/N, which is beneficial to determine the Γ fundamental bandgap by µ-PL measurements. The emitted signal was collected with an optical fiber, sent through a Horiba iHR 320 spectrometer and detected with an extended InGaAs photodiode with a cut-off wavelength of 2.05µm which is limiting the accessible range of strain to less than 1% and 2% for the biaxial and uniaxial case, respectively. We used the linear conversion relationships to convert the Raman shifts into tensile strains. The 424 cm -1 and 154 cm -1 constants for bi-axial and uni-axial stress, respectively [5, 22] have indeed been validated experimentally up to 2.3% for biaxial stress [23] and up to 1.2% for uniaxial stress [24] . Here, the phosphorous doping induces an increase in direct, fast transitions between the more heavily populated Γ point minimum of the conduction band and the heavy and light hole sub-bands of the valence band. For bulk Ge and unprocessed GeOI, two contributions can be observed: the direct and indirect bandgap related emissions at around 1.6µm and 1.8µm, respectively. The Γ fundamental bandgaps were extracted from intensity maxima in the PL spectra [25] ; they are pinpointed on Figure 5a with vertical lines. The unstrained value was obtained as reference on a low doped bulk Ge substrate. Raman record strains were accessed thanks to the high crystalline quality and the homogenous residual stain over the whole SmartCut TM GeOI 200 mm wafers. To determine the strain in the center of uniaxial and biaxial membranes, the conversion rules of Raman shift to strain have now to be experimentally determined in such high strain regimes. After underetching, micro-bridges were successfully attached on the Si substrates underneath to investigate the Ge bandstructure via PL measurements with reduced interferences and heating effects. The experimental band gap energies at the Γ point were in good agreement with those calculated with the tight-binding model. Our results pave the way towards the fabrication of highly strained Ge-based light sources on a 200 mm GeOI platform for optical interconnects or/and integrated on-chip MIR sensors.
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